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1
SEMICONDUCTOR MEMORY DEVICE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is based upon and claims the benefit of
priority from U.S. Provisional Patent Application 62/011,
421, filed on Jun. 12, 2014; the entire contents of which are
incorporated herein by reference.

FIELD

Embodiments described herein relate generally to a semi-
conductor memory device.

BACKGROUND

A stacked semiconductor memory device with memory
cells arranged in three dimensions has recently been proposed
in order to increase the memory density beyond the limit of
lithography technique. In such a stacked semiconductor
memory device, improvement in data retention characteris-
tics is desired.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a sectional view showing a semiconductor
memory device according to a first embodiment;

FIG. 2 is a sectional view showing region A of FIG. 1;

FIGS. 3A to 4D are process sectional views showing a
method for manufacturing a semiconductor memory device
according to the first embodiment;

FIGS. 5A to 6D are sectional views showing vicinities of
floating electrode members of semiconductor memory
devices according to variations of the first embodiment;

FIG. 7 is a sectional view showing a vicinity of a floating
electrode member of a semiconductor memory device
according to a second embodiment;

FIGS. 8A to 11C are sectional views showing vicinities of
floating electrode members of semiconductor memory
devices according to variations of the second embodiment;

FIG. 12 is a sectional view showing a vicinity of a floating
electrode member of a semiconductor memory device
according to a third embodiment;

FIG. 13 is a sectional view showing a vicinity of a floating
electrode member of a semiconductor memory device
according to a first variation of the third embodiment;

FIG. 14 is a sectional view showing a vicinity of a floating
electrode member of a semiconductor memory device
according to a second variation of the third embodiment;

FIG. 15 is a sectional view showing a vicinity of a floating
electrode member of a semiconductor memory device
according to a fourth embodiment;

FIGS. 16A to 16D are process sectional views showing a
method for manufacturing a semiconductor memory device
according to the fourth embodiment; and

FIG. 17 is a sectional view showing a vicinity of a floating
electrode member of a semiconductor memory device
according to a fifth embodiment.

DETAILED DESCRIPTION

A semiconductor memory device according to an embodi-
ment includes a stacked body with electrode films and inter-
electrode insulating films alternately stacked therein, a semi-
conductor member, a first insulating film, a charge
accumulation film, an insulating member, a floating electrode
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member and a second insulating film. The semiconductor
member is provided in the stacked body and extends in stack-
ing direction of the electrode films and the inter-electrode
insulating films. The first insulating film is provided on a side
surface of the semiconductor member. The charge accumu-
lation film is provided on a side surface of the first insulating
film. The insulating member is provided at a position opposed
to the inter-electrode insulating film on a side surface of the
charge accumulation film. The insulating member is divided
for each of the inter-electrode insulating films along the stack-
ing direction. The insulating member is made of a material
different from that of the charge accumulation film. The float-
ing electrode member is provided on a region of the side
surface of the charge accumulation film not covered with the
insulating member. The floating electrode member is in con-
tact with the charge accumulation film. The floating electrode
member is divided for each of the electrode films along the
stacking direction. The floating electrode member has higher
conductivity than the charge accumulation film. The second
insulating film is provided between the floating electrode
member and the electrode film.

Embodiments of the invention will now be described with
reference to the drawings.

First Embodiment

First, a first embodiment is described.

FIG. 1 is a sectional view showing a semiconductor
memory device according to the embodiment.

FIG. 2 is a sectional view showing region A of FIG. 1.

As shown in FIG. 1, the semiconductor memory device 1
according to the embodiment includes a silicon substrate 10.
An interlayer insulating film 11 and a source electrode film 12
are stacked thereon in this order. The interlayer insulating
film 11 is formed from e.g. silicon oxide. The source electrode
film 12 is formed from e.g. polysilicon containing impurity.

For convenience of description, an XYZ orthogonal coor-
dinate system is adopted in this specification. Two directions
parallel to the upper surface of the silicon substrate 10 and
orthogonal to each other are referred to as “X-direction” and
“Y-direction”. The direction perpendicular to the upper sur-
face of the silicon substrate 10 is referred to as “Z-direction”.

A plurality of silicon oxide films 14 and gate electrode
films 15 are alternately stacked on the source electrode film
12 and constitute a stacked body 16. The gate electrode film
15 is formed from a conductive material such as tungsten (W).
The silicon oxide film 14 is formed from silicon oxide. The
silicon oxide film 14 is an inter-electrode insulating film for
insulation between the gate electrode films 15. An upper
stacked body 20 with an interlayer insulating film 17, a select
gate electrode film 18, and an interlayer insulating film 19
stacked in this order is provided on the stacked body 16.

A slit 21 extending in the Y-direction is formed in the
stacked body 16 and the upper stacked body 20. An insulating
member 22 is embedded in the slit 21. The insulating member
22 is formed from e.g. silicon oxide. This divides the silicon
oxide films 14 and the gate electrode films 15 into strip-
shaped portions extending in the Y-direction.

Furthermore, a plurality of silicon pillars 30 extending in
the Z-direction are provided inside the stacked body 16 and
the upper stacked body 20 so as to penetrate therethrough.
The plurality of silicon pillars 30 are arranged in a matrix
along the X-direction and the Y-direction. Each silicon pillar
30 penetrates through the strip-shaped portions of the stacked
body 16 and the upper stacked body 20 defined by the slit 21.
Each silicon pillar 30 is shaped like e.g. a circular cylinder,
and a silicon oxide member 31 is provided therein. The lower
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end part of the silicon pillar 30 is connected to the source
electrode film 12. Alternatively, the silicon pillar 30 may be
shaped like a circular column without including a silicon
oxide member 31. The arrangement of the plurality of silicon
pillars 30 is not limited to a matrix, but may be e.g. a staggered
configuration. In the stacked body 16, a tunnel insulating film
32 is provided on the outer side surface of the silicon pillar 30.
The tunnel insulating film 32 is a film that is normally insu-
lating, but passing a tunnel current when applied with a pre-
scribed voltage within the range of the driving voltage of the
semiconductor memory device 1.

As shown in FIG. 2, the tunnel insulating film 32 is e.g. an
ONO (oxide-nitride-oxide) film. That is, in the tunnel insu-
lating film 32, a silicon oxide layer 33, a silicon nitride layer
34, and a silicon oxide layer 35 are formed sequentially from
the silicon pillar 30 side.

A silicon nitride film 37 is provided on the outer side
surface of the tunnel insulating film 32. The silicon nitride
film 37 is a charge accumulation film for accumulating
charge, and is made of e.g. silicon nitride. Silicon oxide
members 38 and floating electrode members 39 are provided
alternately and intermittently in the Z-direction on the outer
side surface of the silicon nitride film 37. In the direction
orthogonal to the Z-direction, the thickness of the floating
electrode member 39 is nearly equal to the thickness of the
silicon oxide member 38. Here, the floating electrode mem-
ber 39 is a member not connected to the silicon pillar 30 and
the gate electrode film 15, but allowing a tunnel current to
flow from/to the silicon pillar 30 when applied with a certain
voltage. Thus, the floating electrode member 39 is placed in
an electrically floating state.

The silicon oxide member 38 is an insulating member
made of a material different from the silicon nitride film 37,
such as silicon oxide. The silicon oxide member 38 is placed
at a position opposed to the silicon oxide film 14. The floating
electrode member 39 is placed on the region of the silicon
nitride film 37 not covered with the silicon oxide member 38,
i.e., at a position opposed to the gate electrode film 15. The
floating electrode member 39 is in contact with the silicon
nitride film 37.

In the Z-direction, the length of the silicon oxide member
38 is shorter than the length of the silicon oxide film 14. Thus,
the upper end surface and the lower end surface of the silicon
oxide member 38 are set back from the upper surface and the
lower surface of the silicon oxide film 14. Thus, a recess 38a
is formed. The upper end part and the lower end part of the
floating electrode member 39 extend into the recess 38a.

The floating electrode member 39 is formed from a mate-
rial having higher conductivity than the silicon nitride film 37.
Forinstance, the floating electrode member 39 is formed from
a conductive material. The floating electrode member 39
includes one or more materials selected from the group con-
sisting of e.g. silicon, metal, metal oxide, and metal nitride.
For instance, the floating electrode member 39 includes one
or more materials selected from the group consisting of sili-
con (Si), tungsten (W), ruthenium (Ru), platinum (Pt), tanta-
lum (Ta), tantalum oxide (TaO), ruthenium oxide (RuO),
tantalum nitride (TaN), tungsten nitride (WN), and silicon
nitride (SiN).

In the case where the floating electrode member 39 is made
of silicon nitride, this silicon nitride has higher silicon con-
centration and higher conductivity than the silicon nitride
forming the silicon nitride film 37. In the case where the
floating electrode member 39 is made of polysilicon, this
polysilicon may be non-doped polysilicon not actively doped
with impurity, may be doped with a single impurity of e.g.
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4

phosphorus (P), boron (B), carbon (C), or nitrogen (N), or
doped with a combination of these impurities.

A block insulating film 40 is provided between the floating
electrode member 39 and the gate electrode film 15. The
block insulating film 40 is a film not substantially passing a
current even when applied with a voltage within the range of
the driving voltage of the semiconductor memory device 1.
For instance, the block insulating film 40 is formed from
silicon oxide, aluminum oxide, or hafnium oxide. In the
embodiment, the block insulating film 40 is a two-layer film
in which a silicon oxide film and an aluminum oxide film are
stacked. The block insulating film 40 is placed also between
the silicon oxide film 14 and the gate electrode film 15 and
between the silicon oxide film 14 and the insulating member
22. Thus, the block insulating film 40 is shaped like a circular
cylinder continuously extending in the Z-direction and hav-
ing a diameter periodically changing in the Z-direction, i.e.,
shaped like an accordion.

On the other hand, in the upper stacked body 20, a gate
insulating film 24 is provided on the side surface of the silicon
pillar 30. A plug 43 made of e.g. tungsten is provided on the
silicon pillar 30. A bit line 45 extending in the X-direction is
provided on the plug 43. Thus, the upper end part of the
silicon pillar 30 is connected to the bit line 45 through the plug
43.

Next, a method for manufacturing a semiconductor
memory device according to the embodiment is described.

FIGS. 3A to 4D are process sectional views showing the
method for manufacturing a semiconductor memory device
according to the embodiment. FIGS. 3A to 4D show a portion
corresponding to region A of FIG. 1.

First, as shown in FIGS. 1 and 3A, an interlayer insulating
film 11 and a source electrode film 12 are formed on a silicon
substrate 10. Next, silicon oxide films 14 and silicon nitride
films 51 are alternately formed to form a stacked body 16.

Next, by lithography technique and RIE (reactive ion etch-
ing) technique, the stacked body 16 is selectively removed to
form a memory hole 52 reaching the source electrode film 12.
Next, for instance, by depositing silicon oxide by CVD
(chemical vapor deposition) technique, a cover silicon oxide
film 53 is formed on the inner surface of the memory hole 52.
Next, by depositing silicon nitride, a silicon nitride film 37 is
formed on the side surface of the cover silicon oxide film 53.
Next, a silicon oxide layer 35, a silicon nitride layer 34, and a
silicon oxide layer 33 are formed in this order on the side
surface of the silicon nitride film 37 to form a tunnel insulat-
ing film 32. Next, by depositing silicon, a silicon pillar 30
shaped like a circular cylinder is formed on the side surface of
the tunnel insulating film 32. Next, by depositing silicon
oxide, a silicon oxide member 31 is embedded inside the
silicon pillar 30.

Next, the stacked body 16 is selectively removed by RIE
technique. Thus, a slit 21 extending in the Y-direction is
formed in the portion between the memory holes 52.

Next, as shown in FIG. 3B, wet etching with DHF (diluted
hydrofiuoric acid) is performed through the slit 21 to set back
the surface of the silicon oxide film 14 exposed in the slit 21
(not shown).

Next, wet etching with phosphoric acid (H;PO,) is per-
formed through the slit 21 to remove the silicon nitride film
51. As a result, part of the cover silicon oxide film 53 is
exposed in the slit 21. At this time, the exposed surface of the
silicon oxide film 14 and the cover silicon oxide film 53 is also
slightly etched.

Next, as shown in FIG. 3C, wet etching with DHF is per-
formed on the cover silicon oxide film 53 to remove the
portion of the cover silicon oxide film 53 not covered with the
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silicon oxide film 14. Thus, the silicon nitride film 37 is
exposed. At this time, part of the outer peripheral portion of
the silicon oxide film 14 is also removed. On the other hand,
the portion of the cover silicon oxide film 53 covered with the
silicon oxide film 14 remains and constitutes a silicon oxide
member 38. However, the upper and lower ends of the silicon
oxide member 38 are removed by wet etching and set back
from the upper and lower surfaces of the silicon oxide film 14.
As aresult, arecess 38a is formed between the silicon nitride
film 37 and the silicon oxide film 14.

Next, as shown in FIG. 3D, silicon is deposited through the
slit 21. In general, when a material is deposited on a founda-
tion, a time difference occurs from the time of starting the
deposition to the time when the material is actually adhered to
the foundation. This time difference is referred to as incuba-
tion time. The incubation time depends on the deposition
condition and the material of the foundation. Thus, in the
embodiment, by appropriately selecting the deposition con-
dition of silicon, silicon is adhered to the silicon nitride film
37 before being adhered to the silicon oxide film 14. Thus, an
amorphous silicon layer is formed on the silicon nitride film
37. When silicon starts to be adhered to the silicon oxide film
14, the deposition is stopped, and the deposited silicon is
etched. Thus, deposition and etching of silicon are alternately
repeated.

An example of the deposition condition and etching con-
dition of silicon is as follows. In deposition, the deposition
gas is disilane (Si,Hg). The pressure is set to approximately
150 Pa (pascals). The temperature is set to approximately
400° C. In etching, the etching gas is a mixed gas of chlorine
(Cl,) and hydrogen (H,) at a mixing ratio of 1:2. The pressure
is set to approximately 60 Pa. The temperature is set to
approximately 400° C.

Thus, an amorphous silicon layer is stacked only on the
silicon nitride film 37. Subsequently, heat treatment is per-
formed to crystallize the amorphous silicon layer. Thus, a
floating electrode member 39 made of polysilicon is formed.
The floating electrode member 39 is formed also in the recess
38a. The floating electrode member 39 is formed in a self-
aligned manner in the region from which the silicon oxide
member 38 has been removed. Thus, the silicon oxide mem-
bers 38 and the floating electrode members 39 are alternately
arranged along the Z-direction on the side surface of the
silicon nitride film 37.

Next, as shown in FIG. 4A, silicon oxide (SiO,) and alu-
minum oxide (Al,O;) are deposited in this order to form a
block insulating film 40 made of a two-layer film of silicon
oxide film and aluminum oxide film so as to cover the silicon
oxide film 14 and the floating electrode member 39.

Next, as shown in FIG. 4B, a barrier metal layer 15aq is
formed on the side surface of the block insulating film 40 by
depositing e.g. titanium nitride (TiN). Next, a seed layer (not
shown) is formed by depositing tungsten (W).

Next, as shown in F1G. 4C, a tungsten film 155 is formed on
the seed layer by depositing tungsten.

Next, as shown in FIG. 4D, etching is performed. Thus,
while leaving the portion of the tungsten film 156 and the
barrier metal layer 154 placed between the silicon oxide films
14 adjacent in the Z-direction, the other portion is removed.
Thus, a gate electrode film 15 made of the barrier metal layer
15a and the tungsten film 154 is formed for each of the silicon
oxide films 14 adjacent in the Z-direction. The gate electrode
film 15 is divided in the Z-direction by the silicon oxide films
14.

Next, as shown in FIG. 1, an insulating member 22 is
embedded in the slit21. Next, an interlayer insulating film 17,
a select gate electrode film 18, and an interlayer insulating
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film 19 are formed to form an upper stacked body 20. Next, a
memory hole is formed in the upper stacked body 20. A gate
insulating film 42, a silicon pillar 30, and a silicon oxide
member 31 are formed on the inner surface of the memory
hole. Next, a slit 21 is formed in the upper stacked body 20 to
divide the select gate electrode film 18 into strip-shaped por-
tions extending in the Y-direction. Next, an insulating mem-
ber 22 is embedded in the slit 21. Next, a plug 43 and a bit line
45 embedded in the interlayer insulating film are formed on
the upper stacked body 20. Thus, the semiconductor memory
device 1 according to the embodiment is manufactured.

Next, the effect of the embodiment is described.

In the embodiment, in the step shown in FIG. 3 A, silicon
nitride films 51 and silicon oxide films 14 are alternately
stacked to form a stacked body 16, and a slit 21 is formed.
Then, in the step shown in FIG. 3B, the silicon nitride film 51
is removed through the slit 21. In the step shown in FIG. 3C,
the silicon oxide film 14 is used as a mask to selectively
remove the cover silicon oxide film 53. Then, in the step
shown in FIG. 3D, a floating electrode member 39 is formed
only on the exposed surface of the silicon nitride film 37 using
the difference in incubation time.

Thus, in the semiconductor memory device 1 according to
the embodiment, the floating electrode member 39 having
higher conductivity than the silicon nitride film 37 can be
provided as a charge accumulation member in addition to the
silicon nitride film 37, which is insulative. That is, what is
called the MONOS structure and the floating electrode struc-
ture can both be realized. As a result, the charge accumulation
performance of the memory cell is improved, and the opera-
tion is stabilized. In particular, the erase operation can be
performed by extracting electrons from the floating electrode
member 39 rather than injecting holes into the floating elec-
trode member 39. Thus, the temperature dependence is small,
and the erase operation is stabilized.

Furthermore, in the embodiment, the floating electrode
member 39 is divided along the Z-direction and placed for
each gate electrode film 15. This can prevent electrons accu-
mulated in the floating electrode member 39 of a memory cell
from migrating to the floating electrode member 39 of the
memory cell adjacent in the Z-direction. Thus, the semicon-
ductor memory device 1 according to the embodiment is
superior in data retention characteristics.

Furthermore, in the embodiment, in the step shown in FI1G.
3C, the end surface of the silicon oxide member 38 is set back
to form a recess 38a. Then, in the step shown in FIG. 3D, the
floating electrode member 39 is formed also in the recess 38a.
This can increase the volume of the floating electrode mem-
ber 39 and enhance the charge accumulation performance.
Furthermore, the effective gate width of the memory cell is
widened, and the operation is further stabilized.

(First Variation of the First Embodiment)

Next, a first variation of the first embodiment is described.

The variations described below are examples in which the
shape of the floating electrode member 39 is different from
that of the first embodiment.

FIG. 5A is a sectional view showing the vicinity of the
floating electrode member of a semiconductor memory
device according to the variation. FIG. SA shows a portion
corresponding to region A of FIG. 1. This also applies to
FIGS. 5B to 6D described later.

As shown in FIG. 5A, the semiconductor memory device
1a according to the variation is different from that of the first
embodiment (see FIG. 2) in that the floating electrode mem-
ber 39a is thicker than the silicon oxide member 38. Such a
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thick floating electrode member 39a can be formed by e.g.
repeating the deposition and etching of silicon more times in
the step shown in FIG. 3D.

The variation can enlarge the volume of the floating elec-
trode member 394. Thus, the charge accumulation perfor-
mance is increased, and the operation of the memory cell is
further stabilized.

The configuration, manufacturing method, and effect of
the variation other than the foregoing are similar to those of
the above first embodiment.

(Second Variation of the First Embodiment)

Next, a second variation of the first embodiment is
described.

FIG. 5B is a sectional view showing the vicinity of the
floating electrode member of a semiconductor memory
device according to the variation.

As shown in FIG. 5B, in the semiconductor memory device
15 according to the variation, the portion of the silicon nitride
film 37 opposed to the gate electrode film 15 is continuously
thinned along the Z-direction and depressed concavely. Thus,
the floating electrode member 3954 is also curved reflecting
the shape of the silicon nitride film 37. The side surface 15¢ of
the gate electrode film 15 opposed to the floating electrode
member 395 is also curved.

Such a configuration can be realized as follows. In the step
shown in FIG. 3C, the etching selection ratio of silicon oxide
relative to silicon nitride is slightly lowered. Thus, when the
cover silicon oxide film 53 is etched, the silicon nitride film 37
is also etched to some extent.

According to the variation, the side surface 15¢ of the gate
electrode film 15 opposed to the floating electrode member
395 is gradually curved and projected toward the floating
electrode member 395. Furthermore, the floating electrode
member 395 and the silicon nitride film 37 are curved so as to
enclose this projected portion. Thus, electric field concentra-
tion is prevented to suppress degradation of various parts.
Furthermore, the operation of the memory cell can be stabi-
lized.

The configuration, manufacturing method, and effect of
the variation other than the foregoing are similar to those of
the above first embodiment.

(Third Variation of the First Embodiment)

Next, a third variation of the first embodiment is described.

FIG. 5C is a sectional view showing the vicinity of the
floating electrode member of a semiconductor memory
device according to the variation.

As shown in FIG. 5C, the variation is a combination of the
first variation and the second variation described above. That
is, in the semiconductor memory device 1c¢ according to the
variation, the silicon nitride film 37 is depressed concavely.
Reflecting this, the floating electrode member 39¢ and the
side surface 15¢ of the gate electrode film 15 opposed to the
floating electrode member 39¢ are also curved. Furthermore,
the floating electrode member 39c¢ is thicker than the silicon
oxide member 38.

The configuration, manufacturing method, and effect of
the variation other than the foregoing are similar to those of
the above first and second variations.

(Fourth Variation of the First Embodiment)

Next, a fourth variation of the first embodiment is
described.

FIG. 6A is a sectional view showing the vicinity of the
floating electrode member of a semiconductor memory
device according to the variation.

As showninFIG. 6A, inthe semiconductor memory device
1d according to the variation, the end surface of the silicon
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oxide member 38 is not set back from the upper and lower
surface of the silicon oxide film 14. Thus, the recess 38a is not
formed.

Such a configuration can be realized by e.g. making the
film quality of the cover silicon oxide film 53 close to the film
quality of the silicon oxide film 14 when the cover silicon
oxide film 53 is formed in the step shown in FIG. 3A. Thus, in
the step shown in FIG. 3C, the cover silicon oxide film 53 is
etched to an extent comparable to the silicon oxide film 14.

The configuration, manufacturing method, and effect of
the variation other than the foregoing are similar to those of
the above first embodiment.

(Fifth Variation of the First Embodiment)

Next, a fifth variation of the first embodiment is described.

FIG. 6B is a sectional view showing the vicinity of the
floating electrode member of a semiconductor memory
device according to the variation.

As shown in FIG. 6B, the variation is a combination of the
first variation and the fourth variation described above. That
is, the floating electrode member 39¢ is thicker than the
silicon oxide member 38, and the recess 38a is not formed.

The configuration, manufacturing method, and effect of
the variation other than the foregoing are similar to those of
the above first variation.

(Sixth Variation of the First Embodiment)

Next, a sixth variation of the first embodiment is described.

FIG. 6C is a sectional view showing the vicinity of the
floating electrode member of a semiconductor memory
device according to the variation.

As shown in FIG. 6C, the variation is a combination of the
second variation and the fourth variation described above.
That is, the side surface 15¢ of the gate electrode film 15
opposed to the floating electrode member 39f'is curved con-
vexly. The floating electrode member 39fis curved along the
side surface 15¢ of the gate electrode film 15. Furthermore,
the recess 38a is not formed.

The configuration, manufacturing method, and effect of
the variation other than the foregoing are similar to those of
the above second and fourth variations.

(Seventh Variation of the First Embodiment)

Next, a seventh variation of the first embodiment is
described.

FIG. 6D is a sectional view showing the vicinity of the
floating electrode member of a semiconductor memory
device according to the variation.

As shown in FIG. 6D, the variation is a combination of the
third variation and the fourth variation described above. That
is, the side surface 15¢ of the gate electrode film 15 opposed
to the floating electrode member 39g is curved convexly. The
floating electrode member 39g is thicker than the silicon
oxide member 38 and curved along the side surface 15¢ of the
gate electrode film 15. Furthermore, the recess 38a is not
formed.

The configuration, manufacturing method, and effect of
the variation other than the foregoing are similar to those of
the above fourth variation.

Second Embodiment

Next, a second embodiment is described.

FIG. 7 is a sectional view showing the vicinity of the
floating electrode member of a semiconductor memory
device according to the embodiment. FIG. 7 shows a portion
corresponding to region A of FIG. 1.

As shown in FIG. 7, in the semiconductor memory device
2 according to the embodiment, both end parts in the Z-di-
rection of the silicon oxide member 38 extend out from the
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space between the silicon oxide film 14 and the silicon nitride
film 37. This extending portion 385 has a tapered shape
thinned toward the tip. That is, the recess 38a is not formed at
the upper and lower ends of the silicon oxide member 38, but
conversely, the silicon oxide member 38 is projected from the
upper and lower surface of the silicon oxide film 14.

When the semiconductor memory device 2 according to
the embodiment is manufactured, in the step shown in FIG.
3A, the cover silicon oxide film 53 is formed by thermal
oxidation technique rather than deposition technique. Thus,
in the step shown in FIG. 3C, the cover silicon oxide film 53
is not etched preferentially than the silicon oxide film 14. As
aresult, when the silicon nitride film 37 is exposed, an extend-
ing portion 385 having a tapered shape remains in the silicon
oxide member 38.

The configuration, manufacturing method, operation, and
effect of the embodiment other than the foregoing are similar
to those of the above first embodiment.

(Variations of the Second Embodiment)

Next, variations of the second embodiment are described.

The variations described below are examples in which the
shape of the floating electrode member 39 is different from
that of the second embodiment.

FIGS. 8A to 11C are sectional views showing the vicinity
of'the floating electrode member of a semiconductor memory
device according to the variations of the embodiment. FIGS.
8A to 11C show a portion corresponding to region A of FIG.
1.

FIG. 8A shows a variation in which the floating electrode
member 39; is thicker than the silicon oxide member 38.

FIG. 8B shows a variation in which the floating electrode
member 39% has a shape being relatively thick in the central
part ofthe Z-direction and thinned toward the upper and lower
end. The side surface 15¢ of the gate electrode film 15
opposed to the floating electrode member 39% is also curved
along the shape of the floating electrode member 39%.

FIG. 8C shows a variation in which the floating electrode
member 39/ is thicker than that of the variation shown in FIG.
8B.

FIG. 8D shows a variation in which the floating electrode
member 39m climbs on the end part 3856 of the silicon oxide
member 38 and has the same film thickness as the silicon
oxide member 38.

FIG. 9A shows a variation in which the floating electrode
member 397 is thicker than that of the variation shown in FIG.
8D.

FIG. 9B shows a variation in which the floating electrode
member 390 has a shape being relatively thin in the central
part of the Z-direction and thickened toward the upper and
lower end. The side surface 15¢ of the gate electrode film 15
opposed to the floating electrode member 390 is also curved
along the shape of the floating electrode member 390. Such a
floating electrode member 390 can be formed by performing
thermal oxidation treatment after growing a polysilicon film.

FIG. 9C shows a variation in which the floating electrode
member 39p is thicker than that of the variation shown in FI1G.
9B.

FIG. 9D shows a variation in which the portion of the
silicon nitride film 37 opposed to the gate electrode film 15 is
relatively thick in both end parts of the Z-direction and con-
tinuously thinned toward the central part of the Z-direction.
Such a configuration is formed in the case where the silicon
nitride film 37 is slightly etched and its surface is set back
when the cover silicon oxide film 53 is removed by etching in
the step shown in FIG. 3C.
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FIG. 10A shows a variation in which the floating electrode
member 397 is thicker than the silicon oxide member 38
compared with the variation shown in FIG. 9D.

FIG. 10B shows a variation in which both surfaces of the
floating electrode member 39s are swollen convexly.

FIG. 10C shows a variation in which the floating electrode
member 39¢ is thicker than that of the variation shown in FIG.
10B.

FIG. 10D shows a variation in which the upper and lower
ends of the floating electrode member 39« climb on the
tapered end part 385 of the silicon oxide member 38. Further-
more, the portion of the silicon nitride film 37 opposed to the
gate electrode film 15 is relatively thick in both end parts of
the Z-direction and continuously thinned toward the central
part of the Z-direction.

FIG. 11 A shows a variation in which the floating electrode
member 39v is thicker than that of the variation shown in FIG.
10D.

FIG. 11B shows a variation in which the portion of the
silicon nitride film 37 opposed to the gate electrode film 15 is
relatively thick in both end parts of the Z-direction and con-
tinuously thinned toward the central part of the Z-direction
compared with the variation shown in FIG. 9B.

FIG. 11C shows a variation in which the floating electrode
member 39x is thicker than that of the variation shown in FIG.
11B.

The configuration, manufacturing method, operation, and
effect of these variations other than the foregoing are similar
to those of the above second embodiment.

Third Embodiment

Next, a third embodiment is described.

FIG. 12 is a sectional view showing the vicinity of the
floating electrode member of a semiconductor memory
device according to the embodiment. FIG. 12 shows a region
corresponding to region A of FIG. 1.

As shown in FIG. 12, the semiconductor memory device 3
according to the embodiment is different from the semicon-
ductor memory device 2 (see FIG. 7) according to the above
second embodiment in the layer structure of the block insu-
lating film.

More specifically, in the block insulating film 60 of the
embodiment, a silicon nitride layer 61, a high work function
layer 62, and a high dielectric layer 63 are stacked in this order
from the silicon pillar 30 side toward the gate electrode film
15 side. The silicon nitride layer 61 is made of silicon nitride.
The silicon nitride layer 61 is a barrier layer for suppressing
oxidation, silicate formation, and diffusion of the high work
function layer 62. The high work function layer 62 is not
placed between the silicon oxide film 14 and the insulating
member 22. In this region, the silicon nitride layer 61 is in
contact with the high dielectric layer 63. Thus, the high work
function layer 62 is divided for each gate electrode film 15 in
the Z-direction.

The high work function layer 62 is made of a high work
function material having high work function such as ruthe-
nium (Ru), platinum (Pt), gold (Au), tungsten (W), and tan-
talum (Ta). The high work function layer 62 suppresses the
leakage current flowing in the block insulating film 60. The
high work function layer 62 is formed by e.g. CVD technique.
It the high work function layer 62 is shaped like an accordion
similar to the block insulating film 60, the charge accumu-
lated in the floating electrode member 39 migrates to the
adjacent memory cell through the high work function layer
62. Thus, after the high work function layer 62 is formed by
CVD technique, the high work function layer 62 formed on
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the surface of the silicon oxide film 14 facing the slit 21 is
removed by etching. This prevents electrical connection
between the high work function layers 62 between the adja-
cent memory cells.

The high dielectric layer 63 is made of a high dielectric
material and constitutes the main portion of the block insu-
lating film 60. The high dielectric layer 63 may be formed
from e.g. aluminum oxide or hafhium oxide, or may have a
stacked structure of a hafnium oxide layer and a silicon oxide
layer.

According to the embodiment, a high work function layer
62 is provided in the block insulating film 60. This can sup-
press more reliably the leakage current between the gate
electrode film 15 on one hand and the floating electrode
member 39 and the silicon nitride film 37 on the other.

The configuration, manufacturing method, operation, and
effect of the embodiment other than the foregoing are similar
to those of the above second embodiment.

(First Variation of the Third Embodiment)

Next, a first variation of the third embodiment is described.

FIG. 13 is a sectional view showing the vicinity of the
floating electrode member of a semiconductor memory
device according to the variation. FIG. 13 shows a region
corresponding to region A of FIG. 1.

As shown in FIG. 13, in the semiconductor memory device
3a according to the variation, the high work function layer 62
is formed like dots rather than like a continuous film. This can
also achieve an effect similar to that of the above third
embodiment.

(Second Variation of the Third Embodiment)

Next, a second variation of the third embodiment is
described.

FIG. 14 is a sectional view showing the vicinity of the
floating electrode member of a semiconductor memory
device according to the variation. FIG. 14 shows a region
corresponding to region A of FIG. 1.

As shown in FIG. 14, in the semiconductor memory device
3b according to the variation, the high work function layer 62
is formed like islands. This can also achieve an effect similar
to that of the above third embodiment.

Fourth Embodiment

Next, a fourth embodiment is described.

FIG. 15 is a sectional view showing the vicinity of the
floating electrode member of a semiconductor memory
device according to the embodiment. FIG. 15 shows a region
corresponding to region A of FIG. 1.

As shown in FIG. 15, the semiconductor memory device 4
according to the embodiment is different from the semicon-
ductor memory device 1 (see FIG. 2) according to the above
first embodiment in that the insulating member 38 is thicker
and that part of the block insulating film 70 is placed between
the silicon nitride film 37 and the silicon oxide film 14. That
is, the block insulating film 70 is placed not only between the
silicon nitride film 37 and the gate electrode film 15, but also
between the silicon nitride film 37 and the silicon oxide film
14.

More specifically, part of the block insulating film 70 is
inserted into the recess 38a formed by the set-back of the end
surface of the insulating member 38. The block insulating
film 70 is e.g. atwo-layer film made of a silicon oxide layer 71
placed on the silicon pillar 30 side and a high dielectric layer
72 placed on the gate electrode film 15 side. The high dielec-
tric layer 72 is formed from e.g. aluminum oxide or hafnium
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oxide. The silicon oxide layer 71 is formed like a layer on the
inner surface of the recess 38a. The high dielectric layer 72
fills the recess 38a.

Next, a method for manufacturing a semiconductor
memory device according to the embodiment is described.

FIGS. 16A to 16D are process sectional views showing the
method for manufacturing a semiconductor memory device
according to the embodiment. FIGS. 16A to 16D show a
portion corresponding to region A of FIG. 1.

As shown in FIG. 16A, a stacked body 16 made of silicon
oxide films 14 and silicon nitride films 51 is formed by a
method similar to that of the above first embodiment. Then, a
memory hole 52 is formed in the stacked body 16. A cover
silicon oxide film 53 and a silicon nitride film 37 are formed
on the inner surface of the memory hole 52. At this time, the
cover silicon oxide film 53 is formed thicker than in the above
first embodiment.

Next, a silicon oxide layer 35, a silicon nitride layer 34, and
a silicon oxide layer 33 are formed in this order to form a
tunnel insulating film 32 on the side surface of the silicon
nitride film 37. A silicon pillar 30 is formed on the side surface
of'the tunnel insulating film 32. Next, a silicon oxide member
31 is embedded inside the silicon pillar 30. Next, a slit 21 is
formed in the stacked body 16.

Next, as shown in FIG. 16B, the silicon nitride film 51 is
removed by wet etching through the slit 21.

Next, as shown in FIG. 16C, the cover silicon oxide film 53
is selectively removed by wet etching through the slit 21.
Thus, the remaining portion of the cover silicon oxide film 53
constitutes a silicon oxide member 38. At this time, the upper
and lower end surfaces of the silicon oxide member 38 are set
back from the upper and lower surfaces of the silicon oxide
film 14. Thus, a recess 38a is formed. In the embodiment, the
cover silicon oxide film 53 is formed thickly in advance.
Thus, the thickness of the silicon oxide member 38 and the
width of the recess 38a in the Z-direction are wider than those
of the first embodiment.

Next, as shown in FIG. 16D, as in the above first embodi-
ment, a floating electrode member 39 made of polysilicon is
formed only on the silicon nitride film 37 using the difference
in incubation time. At this time, the thickness of the floating
electrode member 39 is made comparable to that of the first
embodiment. The floating electrode member 39 is formed
also in the recess 38a. However, the width of the recess 38a is
wider than that of the first embodiment. Thus, the floating
electrode member 39 does not completely fill the recess 38a.

Next, silicon oxide is deposited on the entire surface to
form a silicon oxide layer 71. The silicon oxide layer 71 is
formed on the exposes surface of the silicon oxide film 14 and
on the side surface of the floating electrode member 39.
Furthermore, the silicon oxide layer 71 is formed also on the
inner surface of the recess 38a. Next, aluminum oxide or
hafnium oxide is deposited to form a high dielectric layer 72
on the side surface of the silicon oxide layer 71. The high
dielectric layer 72 is embedded in the recess 38a. Thus, a
block insulating film 70 is formed. The subsequent manufac-
turing method is similar to that of the above first embodiment.

Next, the effect of the embodiment is described.

In the embodiment, in the step shown in FIG. 16A, the
cover silicon oxide film 53 is formed thickly. In the step
shown in FIG. 16D, part of the block insulating film 70 is
embedded in the recess 38a. Thus, the minimum inner diam-
eter of the block insulating film 70 formed like an accordion
can be made smaller than the inner diameter of the memory
hole 52. As a result, when the memory hole 52 is finely
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formed close to the limit of lithography technique, the
memory cell can be miniaturized beyond the limit of lithog-
raphy technique.

Furthermore, according to the embodiment, part of the
block insulating film 70 is placed in the recess 38a. Thus, the
high dielectric layer 72 can be interposed in a large amount
between the gate electrode film 15 belonging to amemory cell
and the silicon pillar 30 belonging to the adjacent memory
cell. This can reduce the influence exerted by the operation of
a memory cell on the adjacent memory cell.

The configuration, manufacturing method, operation, and
effect of the embodiment other than the foregoing are similar
to those of the above first embodiment.

Fifth Embodiment

Next, a fifth embodiment is described.

FIG. 17 is a sectional view showing the vicinity of the
floating electrode member of a semiconductor memory
device according to the embodiment. FIG. 17 shows a region
corresponding to region A of FIG. 1.

As shown in FIG. 17, the semiconductor memory device 5
according to the embodiment is different from the semicon-
ductor memory device 4 (see FIG. 15) according to the above
fourth embodiment in that a block insulating film 80 is pro-
vided instead of the silicon oxide layer 71 (see FIG. 15), and
that a metal layer 85 is provided instead of the high dielectric
layer 72 (see FIG. 15). However, the metal layer 85 is not
placed between the silicon oxide film 14 and the insulating
member 22. In this region, the block insulating film 80 is in
contact with the insulating member 22. Thus, the metal layer
85 is divided for each gate electrode film 15 in the Z-direction.

The block insulating film 80 is e.g. a stacked film of a
silicon oxide layer and an aluminum oxide layer. The metal
layer 85 is formed from e.g. tungsten. The metal layer 85 is
connected to the gate electrode film 15 and functions as part
of the gate electrode. The semiconductor memory device 5
according to the embodiment is manufactured by forming a
block insulating film 80 instead of the silicon oxide layer 71
and forming a metal layer 85 instead of the high dielectric
layer 72 in the step shown in FIG. 16D. However, if the metal
layer 85 is shaped like an accordion similar to the block
insulating film 80, the gate electrode films 15 are short-cir-
cuited between the memory cells adjacent in the Z-direction.
Thus, after the metal layer 85 is formed by CVD technique,
the metal layer 85 is selectively removed by etching so that
the metal layers 85 are not connected between the memory
cells adjacent in the Z-direction.

Next, the effect of the embodiment is described.

According to the embodiment, the metal layer 85 can be
used as an extending portion of the gate electrode film 15.
Thus, the effective gate width can be widened. This can
increase the on-current of the memory cell.

The configuration, manufacturing method, operation, and
effect of the embodiment other than the foregoing are similar
to those of the above fourth embodiment.

In the examples described in the above embodiments, a
floating electrode member 39 made of polysilicon is formed
on the silicon nitride film 37 using the difference in incuba-
tion time. However, the invention is not limited thereto. For
instance, in the step shown in FIG. 3C, after the silicon nitride
film 37 is exposed, the exposed portion of the silicon nitride
film 37 may be changed to a floating electrode member 39
having higher conductivity by annealing in a hydrogen atmo-
sphere.

In the examples described in the above embodiments, the
semiconductor memory device is what is called an I-shaped
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device in which the lower end of the silicon pillar 30 is
connected to the source electrode film 12. However, the
device is not limited to the I-shaped device. For instance, the
device may be what is called a U-shaped device in which the
lower end parts of the two adjacent silicon pillars are con-
nected to each other, the upper end part of one silicon pillar is
connected to a bit line, and the upper end part of the other
silicon pillar is connected to a source line.

Furthermore, in the configuration described in the above
embodiments, an interlayer insulating film 11 and a source
electrode film 12 are placed on a silicon substrate 10, and the
silicon pillar 30 is connected to the source electrode film 12.
However, the invention is not limited to this configuration.
For instance, as an alternative configuration, the silicon pillar
30 may be directly connected to the silicon substrate 10
without placing the interlayer insulating film 11.

The embodiments described above can realize a semicon-
ductor memory device having high data retention character-
istics.

While certain embodiments have been described, these
embodiments have been presented by way of example only,
and are not intended to limit the scope of the inventions.
Indeed, the novel embodiments described herein may be
embodied in a variety of other forms; furthermore, various
omissions, substitutions and changes in the form of the
embodiments described herein may be made without depart-
ing from the spirit of the inventions. The accompanying
claims and their equivalents are intended to cover such forms
or modifications as would fall within the scope and spirit of
the invention. Additionally, the embodiments described
above can be combined mutually.

What is claimed is:

1. A semiconductor memory device comprising:

a stacked body with electrode films and inter-electrode

insulating films alternately stacked therein;

a semiconductor member provided in the stacked body and
extending in stacking direction of the electrode films and
the inter-electrode insulating films;

a first insulating film provided on a side surface of the
semiconductor member;

a charge accumulation film provided on a side surface of
the first insulating film;

an insulating member provided at a position opposed to the
inter-electrode insulating film on a side surface of the
charge accumulation film, divided for each of the inter-
electrode insulating films along the stacking direction,
and made of a material different from that of the charge
accumulation film;

a floating electrode member provided on a region of the
side surface of the charge accumulation film not covered
with the insulating member, being in contact with the
charge accumulation film, divided for each of the elec-
trode films along the stacking direction, and having
higher conductivity than the charge accumulation film;
and

a second insulating film provided between the floating
electrode member and the electrode film.

2. The device according to claim 1, wherein

the inter-electrode insulating film and the insulating mem-
ber include silicon oxide, and

the charge accumulation film includes silicon nitride.

3. The device according to claim 1, wherein the floating
electrode member includes one or more materials selected
from the group consisting of metal, metal oxide, and metal
nitride.

4. The device according to claim 1, wherein the floating
electrode member includes one or more materials selected
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from the group consisting of silicon, tungsten, ruthenium,
platinum, tantalum, tantalum oxide, ruthenium oxide, tanta-
lum nitride, tungsten nitride, and silicon nitride.

5. The device according to claim 1, wherein part of the
second insulating film includes a high work function material.

6. The device according to claim 5, wherein the high work
function material includes one or more materials selected
from the group consisting of ruthenium, platinum, gold, tung-
sten, and tantalum.

7. The device according to claim 1, wherein an end part of
the insulating member in the stacking direction extends out
from a space between the inter-electrode insulating film and
the charge accumulation film.

8. The device according to claim 7, wherein the extending
portion has a tapered shape thinned toward the end part.

9. The device according to claim 1, wherein length of the
insulating member is shorter than length of the inter-electrode
insulating film in the stacking direction.

10. The device according to claim 1, wherein thickness of
the floating electrode member is thicker than thickness of the
insulating member in a direction orthogonal to the stacking
direction.

11. The device according to claim 1, wherein thickness of
the floating electrode member is thinner than thickness of the
insulating member in a direction orthogonal to the stacking
direction.

12. The device according to claim 1, wherein part of the
second insulating film is placed between the charge accumu-
lation film and the inter-electrode insulating film in a direc-
tion orthogonal to the stacking direction.

13. The device according to claim 12, wherein part of the
electrode film is placed between the charge accumulation film
and the inter-electrode insulating film in a direction orthogo-
nal to the stacking direction.
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14. A semiconductor memory device comprising:

a stacked body with electrode films and inter-electrode
insulating films alternately stacked therein;

a semiconductor member provided in the stacked body and
extending in stacking direction of the electrode films and
the inter-electrode insulating films;

a first insulating film provided on a side surface of the
semiconductor member;

a charge accumulation film provided on a side surface of
the first insulating film;

an insulating member provided at a position opposed to the
inter-electrode insulating film on a side surface of the
charge accumulation film and divided for each of the
inter-electrode insulating films along the stacking direc-
tion, length of the insulating member in the stacking
direction being shorter than length of the inter-electrode
insulating film in the stacking direction; and

a second insulating film provided between the charge accu-
mulation film and the electrode film and between the
charge accumulation film and the inter-electrode insu-
lating film.

15. The device according to claim 14, wherein part of the
electrode film is placed between the charge accumulation film
and the inter-electrode insulating film.

16. The device according to claim 14, wherein the second
insulating film includes aluminum oxide or hafnium oxide.

17. The device according to claim 14, further comprising:

a floating electrode member provided on a region of the
side surface of the charge accumulation film not covered
with the insulating member, being in contact with the
charge accumulation film, divided for each of the elec-
trode films along the stacking direction, and having
higher conductivity than the charge accumulation film.
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